In a time of climate change and increasing human population, crop plants with higher yields and improved response to abiotic stresses will be required to ensure food security. As many of the beneficial traits in domesticated crops are caused by mutations in cis-regulatory elements, especially enhancers, genetic engineering of such elements is a promising strategy for improving crops 1, 2 . However, such engineering is currently hindered by our limited knowledge of plant cis-regulatory elements. Here, we adapted STARRseq -a technology for the high-throughput identification of enhancers -for its use in transiently transfected tobacco leaves. We demonstrate that the optimal placement in the reporter construct of enhancer sequences from a plant virus, pea and wheat was just upstream of a minimal promoter, and that none of these four known enhancers was active in the 3′-UTR of the reporter gene. The optimized assay sensitively identified small DNA regions containing each of the four enhancers, including two whose activity was stimulated by light. Furthermore, we coupled the assay to saturation mutagenesis to pinpoint functional regions within an enhancer, which we recombined to create synthetic enhancers. Our results describe an approach to define enhancer properties that can be performed in any plant species or tissue transformable by Agrobacterium and that can use regulatory DNA derived from any plant.
UTR, shown to reduce nonsense-mediated decay 13 , in between the stop codon and the 35S enhancer.
However, insertion of this region further reduced transcript levels when the 35S enhancer was placed in the 3′-UTR ( Supplementary Fig. 1a,b ). We next asked whether insertion of the 35S enhancer in an intron, which would also be transcribed, could confer transcriptional activation, but found that it did not ( Supplementary Fig. 1a,c) . Furthermore, combining an upstream AB80 enhancer with a 35S enhancer within the 3′-UTR transcribed region considerably reduced transcription compared to that from the AB80 enhancer alone ( Supplementary Fig. 1d ). Taken together, these findings demonstrate that the 35S enhancer residing within the transcribed region is not active in our system. Therefore, for subsequent experiments, we placed the enhancer fragments directly upstream of the minimal promoter, barcoding the reporter amplicons to enable detection by RNA-seq. A similar approach with a barcode in the transcript was used in previous studies of enhancers in human cells 14, 15 . The AB80, Cab-1 and rbcS-E9 enhancers are activated by light [10] [11] [12] . We tested their light-dependency in our assay system by placing the transformed plants in the dark prior to mRNA extraction. The AB80 and Cab-1 enhancers demonstrated decreased activity in the dark. Although the activity of the rbcS-E9 enhancer also showed a response to light, in this case the activity was higher in the dark ( Supplementary   Fig. 2) . A previous study found higher expression of Arabidopsis thaliana rbcS genes in extracts from dark-grown plant cells compared to those from light-grown ones, with reversal of this tendency upon reconstitution of chromatin 16 . Much like this in vitro system, our Agrobacterium-mediated transient assay also lacks chromatin.
Next, we tested if the assay could detect enhancer signatures among randomly fragmented DNA sequences from a plasmid containing embedded enhancers. We constructed a plasmid harboring the 35S, AB80, Cab-1, and rbcS-E9 enhancers. We fragmented the plasmid using Tn5 transposase and inserted the fragments upstream of the 35S minimal promoter to generate a fragment library for use in the STARR-seq assay (Fig. 2a ). The assay identified the known enhancers as the regions with highest enrichment values (Fig. 2b) . As expected, the orientation in which the fragments were cloned into the STARR-seq plasmid did not affect their enrichment ( Supplementary Fig. 3a ). The assay was highly reproducible, with good correlation across replicates for the individual barcodes (Spearman's ρ = 0.80 -0.82, Supplementary Fig. 3b ). The correlation further improved if the enrichment of all barcodes linked to the same fragment was aggregated (Spearman's ρ = 0.80 -0.85, Supplementary Fig. 3c ). Replicate correlations were similar for all STARR-seq experiments in this study (Spearman's ρ ≥ 0.6 for barcodes and ≥ 0.7 for fragments or variants).
We also used the fragment library in a STARR-seq experiment with plants kept in the dark prior to mRNA extraction to test for light-dependency. We observed the expected changes in enrichment ( Supplementary Fig. 2) , with the AB80 and Cab-1 enhancers less active and the rbcS-E9 enhancer more active in the light-deprived plants (Fig. 2b,c) . We conclude that the STARR-seq assay established in this study can identify enhancers in a condition-specific manner.
To further reveal individual elements of enhancers, we repeated the screen with a second library that contained shorter fragments (median length 84 bp vs. 191 bp in the initial library, Fig. 2d ). As these shorter fragments were, on average, well below the size of the full-length enhancers, they are unlikely to contain all the elements required for maximum activity. The shorter fragments split the peaks of the AB80 and Cab-1 enhancers into two subpeaks, suggesting that these enhancers contain at least two independent functional elements. The sole functional element of the rbcS-E9 enhancer resided in the 3′ half of the tested region ( Fig. 2d,e ).
Having established the capacity of the assay to distinguish enhancer subdomains, we tested its suitability for conducting saturation mutagenesis of cis-regulatory elements. To do so, we array-synthesized all possible single nucleotide substitution, deletion, and insertion variants of the 35S enhancer and of the minimal promoter as two separate variant pools, and subjected the two pools to STARR-seq. We first assayed the activity of variants of a 46 bp region containing the 35S minimal promoter, in constructs with and without an enhancer. The effects of the individual mutations were similar in both contexts ( Supplementary Fig. 4 ). As expected, mutations that disrupt the TATA box (positions 16-22) had a strong negative impact on promoter activity, while most others had a weak effect or no effect ( Fig. 3a,b , Supplementary Table 1 ).
In contrast to the minimal promoter, the 35S enhancer contained several mutation-sensitive regions ( Fig.   3c ,d, Supplementary Table 2 ). These regions co-localize with predicted transcription factor binding sites 17, 18 . Mutations in positions 116-135 were especially deleterious. This region, previously implicated in enhancer activity, can be bound by the tobacco activation sequence factor 1 (ASF-1), a complex containing the bZIP transcription factor TGA2.2 (ref. 8, 9, 19, 20 ) . Similarly, we observed mutational sensitivity of the 35S enhancer in positions 95-115, which contain a binding site of the bHLH transcription factor complex ASF-2 (ref. 21 ). A third mutation-sensitive region in positions 7-28 is predicted to be bound by ERF and TCP transcription factors.
To demonstrate that these mutation-sensitive regions possess enhancer activity, we split the enhancer into three fragments that span positions 1-30 (A), 60-105 (B), and 106-140 (C) (Fig. 3d ). These fragments were cloned in one to four copies on average, in random order, and the enhancer activity of the resulting constructs was determined. Fragments A and C alone were sufficient to activate transcription, while fragment B was active only in the presence of a second fragment ( Fig. 3e ). In line with our observations from the enhancer mutagenesis, fragment C had the highest activity. The greater the number of fragments in a construct, the higher was its activity. However, even four fragments combined did not reach the level of transcription achieved with the full-length enhancer, indicating that the sequences excluded from the A, B and C fragments contribute to enhancer activity, either directly or by providing the correct spacing for the fragments (Fig. 3e ). Although spacing may play a role in enhancer activity, the order of the fragments had only weak effects ( Supplementary Fig. 5 ). Taken together, we demonstrate that this assay can identify functional enhancer elements that can be recombined to create synthetic enhancers of varying strength.
In this study, we developed a massively parallel reporter assay that can identify DNA regions with enhancer or promoter activity and can dissect these regions to pinpoint functional sequences with single nucleotide resolution. Moreover, the assay can detect enhancer condition-specificity (light dependence), although it does not recapitulate regulation mediated by chromatin and its modifications. Apart from enhancers and promoters, the assay potentially can be adapted for other types of cis-regulatory elements. The assay does not depend on efficient protoplasting and transformation protocols, which have been established only for a limited number of species and tissues. While these experiments used tobacco leaves, the assay can likely be performed in any species or tissue that can be transiently transformed by Agrobacterium 22-25 . The assay is applicable to enhancer screens for any plant species to analyze plant gene regulation and to identify promising building blocks for future genetic engineering efforts. The data generated by these screens and subsequent saturation mutagenesis will enable deep learning approaches to identify defining characteristics of plant enhancers.
Methods

Plasmid construction and library creation
The STARR-seq plasmid used herein is based on the pGreen plasmid 26 
STARR-seq assay
Computational methods
Binding site motifs for N. benthamiana transcription factors were obtained from the PlantTFDB, 17 and FIMO 18 was used to predict their occurrence in the 35S core enhancer. Fragments of pZS*11_4enh were aligned to the reference sequence using Bowtie2 (ref. 30 ). For analysis of the STARR-seq experiments, the reads for each barcode were counted in the input and cDNA samples. Barcode counts below 5 and barcodes present in only one of three replicates were discarded. Barcode enrichment was calculated by dividing the barcode frequency (barcode counts divided by all counts) in the cDNA sample by that in the input sample. For the pZS*11_4enh fragment library ( Fig. 2 and Supplementary Fig. 3 ) and the mutagenesis ( Fig. 3a-d conducted experiments and data analysis.
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Lam, E., Benfey, P. N., Gilmartin, P. M., Fang and three known plant enhancers were introduced in either the forward (fwd) or reverse (rev) orientation at the indicated positions and the STARR-seq assay was performed. Fig. 3 | Activity in the STARR-seq assay is insensitive to orientation and reproducible. a, The data from the STARR-seq assay (Fig. 2b, light condition) was analyzed separately for fragments inserted in the forward or reverse orientation. b, Correlation (Spearman's ρ) between two (out of three) replicates for individual barcodes. c, Correlation (Spearman's ρ) between two (out of three)
Figure legends
replicates for fragments (median enrichment of all linked barcodes). Fig. 3d ) were inserted into the STARR-seq plasmid in random number and order, and assayed for their enhancer activity.
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